Abstract: Highly-polluted surface waters are increasingly used for irrigation in different agricultural settings because they have high nutrient content and are readily available. However, studies showed that they are reservoirs for the emergence and dissemination of antibiotic-resistant bacteria in the environment. In this study, the resistance of 212 Escherichia coli isolates from irrigation water, soil, and vegetables in selected urban farms in Metro Manila, Philippines was evaluated. Results showed that antibiotic resistance was more prevalent in water (67.3%) compared to soil (56.4%) and vegetable (61.5%) isolates. Resistance to tetracycline was the highest among water (45.6%) and vegetable (42.3%) isolates while ampicillin resistance was the highest among soil isolates (33.3%). Multidrug-resistant (MDR) isolates were also observed and they were more prevalent in water (25.3%) compared to soil (2.8%) and vegetable (8.4%) isolates. Interestingly, there are patterns of antibiotic resistance that were common to isolates from different samples. Extended-spectrum beta-lactamase production (ESBL) was also investigated and genes were observed to be present in 13 isolates. This provides circumstantial evidence that highly-polluted surface waters harbor antibiotic-resistant and MDR E. coli that may be potentially transferred to primary production environments during their application for irrigation purposes.
Introduction
Agricultural productivity heavily relies on the use of irrigation water in irrigating agricultural plants, applying fertilizers and pesticides, and processing of farm products. In urban agricultural areas where there is limited water supply and high demand for clean water, irrigation water is usually sourced from surface waters contaminated with agricultural runoff, livestock and wildlife fecal material, wastewater discharge, and septic leakage [1, 2] . Although surface waters are practical to use because of their availability and high nutrient content, they can be a potential source of fecal contaminants and pathogenic microorganisms that may be transferred to farm products, such as fresh produce, during irrigation [1] [2] [3] .
The problem of microbial contamination of fresh produce is often compounded by the emergence of antibiotic resistance among pathogenic microorganisms. Antibiotic resistance is caused by the widespread and increasing use of antibiotics [4] [5] [6] and it is increasingly becoming a global health concern because it limits the available therapeutic options, resulting in higher treatment and hospitalization costs and increased rates of mortality and morbidity [7] [8] [9] . A principal method by which bacteria resist antibiotics is through the production of β-lactamases, enzymes that hydrolyze β-lactam antibiotics. β-lactam antibiotics are the most commonly-used antibiotics, including penicillins, cephalosporins, and carbapenems. One group of β-lactamase enzymes, the extended spectrum β-lactamases (ESBLs), produced by Escherichia coli, is of particular significance. These are able to target a wider range of antibiotics and plasmids that contain genes for ESBLs which often carry genes for resistance to various other antibiotics [10] [11] [12] .
Surface waters have been considered as an important source of microbial antibiotic resistance [13] [14] [15] . A considerable fraction of antibiotics used in clinical, agricultural, and household settings usually end up in aquatic environments and serve as regulatory and signaling molecules among bacteria [16] [17] [18] . The presence of low concentrations of antibiotics in aquatic environments imposes a selection pressure that promotes antibiotic tolerance and emergence of antibiotic resistance in aquatic bacteria [15] . Therefore, surface waters used for irrigation purposes may serve as pools of antibiotic-resistant bacteria that have profound influence on the microbial quality of primary production environments.
In highly-urbanized and densely-populated areas, such as Metro Manila, Philippines, the use of highly-polluted surface waters for irrigation is widely practiced, especially as urban agriculture is gaining popularity as a tool to increase household income and meet subsistence food needs [2, 19] . This necessitates the assessment and monitoring of the quality of surface waters used for irrigation.
The present study aims to evaluate the resistance of 212 E. coli isolates from irrigation water, soil, and vegetables in selected urban farms in Metro Manila, Philippines against nine commonly-used antibiotics and to ascertain the patterns of antibiotic resistance among the isolates. Further, the isolates were screened for ESBL production and detection of genes encoding ESBLs to assess one of the mechanisms for antibiotic resistance. This information may be useful to raise awareness on the importance of prevention measures to be taken, and it also alerts for the widespread use of antimicrobials, especially in agricultural sectors.
Materials and Method

Bacterial Isolates
A total of 212 culture-positive E. coli isolates that were previously collected from irrigation water, soil, and vegetable samples from six urban agricultural farms in Metro Manila, Philippines were used in this study [2] . The farms were small scale urban farms in Quezon City, Marikina City and Pasig City that are situated near residential areas and cultivate different vegetables that are sold in nearby wet markets. The farms were chosen because the irrigation waters used in these farming sites are derived from highly-polluted surface waters.
The isolates were sub-cultured into Tryptic Soy Broth (TSB) (Merck, Darmstadt, Germany) and incubated at 35 • C for 24 h, after which 20% glycerol was added prior to storage at −20 • C for further analysis.
Antibiotic Susceptibility Test
Antibiotic susceptibility testing was patterned after the Antimicrobial Susceptibility Manual of the American Society for Microbiology [20] . In its procedure, pure isolates were sub-cultured into Trypticase Soy Agar (TSA) plates (BD BBL TM , Franklin Lakes, NJ, USA) and incubated at 35 • C for 16 to 18 h. The isolates were inoculated into 3 mL 0.85% saline solution and the turbidity of the suspension was standardized to that of 0.5% McFarland standard. Using a sterile cotton swab, the standardized suspension was swabbed and inoculated evenly on the entire surface of Mueller Hinton agar (MHA) plates (Hi-Media Laboratories, India). Then, nine antibiotics which include: tetracycline (30 µg), ciprofloxacin (5 µg), cefotaxime (30 µg), chloramphenicol (30 µg), nalidixic acid (30 µg), streptomycin (10 µg), ampicillin (10 µg), cephalotin (30 µg), and trimethoprim (30 µg) were placed on the surface of inoculated MHA plates and incubated at 35 • C for 16 to 18 h. The antibiotics used in this study were selected as they represent each major class of antibiotics that is used in the treatment of human and animal E. coli infections. Subsequently the clearing zones on the plates were measured using a caliper. The diameters of the clearing zones were interpreted in accordance to the Clinical and Laboratory Standards Institute manual (CLSI) [21] . The test was performed in triplicate and E. coli ATCC®25922 was used as the negative control.
Screening for ESBL Production
Initial screening of E. coli isolates for ESBL production was performed using the disk diffusion method of the CLSI manual [21] . The antibiotics used were ceftazidime (30 µg) and cefotaxime (30 µg) (BBL Sensi-Disc, BD Diagnostics, MD, USA). Briefly, overnight cultures of the isolates were inoculated into 3 mL 0.85% saline solution and the turbidity of the suspension was adjusted to that of 0.5% McFarland standard. The suspension was then spread evenly on the entire surface of MHA plates, after which, ceftazidime and cefotaxime disks were placed. After 16 to 18 h of incubation, inhibition zones were measured and interpreted based CLSI manual [21] .
Isolates screened as ESBL producers were subjected to a confirmatory test through the double disk synergy test [12, 22] . Suspected ESBL-producing isolates were inoculated into 3 mL 0.85% saline solution to match the turbidity of 0.5% McFarland standard. The suspension was spread evenly into MHA plates and ceftazidime and cefotaxime disks were placed 20 to 30 mm from a disk containing amoxicillin/clavulanic acid (20 µg/10 µg). An increase in zone diameter of 5 mm or greater for either ceftazidime or cefotaxime, when combined with clavulanic acid, compared with their zone diameters alone, indicated ESBL production by the isolate [23] .
Detection of ESBL Genes
ESBL genes were identified from the confirmed ESBL producers through PCR amplification using primers targeting different ESBL genes. Two multiplex sets including Multiplex I TEM, SHV and OXA-1 like, and Multiplex II CTX-M group 1, 2, and 9 were used in this study. Additionally, a simplex set CTX-M group 8/25 was used in this study, following the method of Dallenne et al. [23] .
Statistical Analysis
All data were analyzed statistically using Statistical Package for Social Sciences ver. 20.0 (IBM Corp., Armonk, NY, USA). One-way analysis of variance (ANOVA) was used to evaluate significant differences in antibiotic resistance among the isolates recovered from the three different samples. Data that were found to be significant were further analyzed using Tukey's HSD comparison of means and a p value less than 0.05 was accepted as significant. The chi-square test was also employed to compare the frequency of resistance of the isolates from different samples to each antibiotic. Data were considered as statistically significant based on a p < 0.05.
Results
Antimicrobial Resistance
A total of 212 culture-positive E. coli consisting of 147 irrigation water, 39 soil, and 26 vegetable isolates were obtained from 190 water, 91 soil, and 92 vegetable samples. The identity of the isolates was confirmed in a previous study [2] using a PCR assay that amplifies the ß-glucoronidase (uidA) gene which encodes an acid hydrolase that catalyzes the cleavage of a wide variety of 3-glucuronidases used by of E. coli [24] .
The resistance of 212 isolates was tested against nine antibiotics. The percentages of isolates that were susceptible, intermediate and resistant to each antibiotic are presented in Table 1 . As shown, there are more antibiotic-resistant isolates from irrigation water compared to soil and vegetables.
Resistance to tetracycline was the highest among water (45.6%) and vegetable (42.3%) isolates, whereas ampicillin resistance was the highest among soil isolates (33.3%). Meanwhile, resistance to nalidixic acid was the lowest among the water isolates (2.7%) and resistance to ciprofloxacin (2.6%) and nalidixic acid (2.6%) was the lowest among the soil isolates. Finally, there was no resistance to nalidixic acid and streptomycin observed among the vegetable isolates. Overall, the resistance to nine antibiotics was highest among the water isolates (67.3%) compared to soil (56.4%) and vegetable (61.5%) isolates. ANOVA revealed that there was significant difference among the antibiotic resistance of isolates from the three different samples (p = 0.008). Tukey's HSD, a post hoc analysis showed that the antibiotic resistance of water and vegetable isolates against each antibiotic was significantly different from each other (p = 0.000). Comparison of the frequency of resistance of the isolates from different samples to a single antibiotic showed significant differences (p < 0.05) for tetracycline, ciprofloxacin, chloramphenicol, nalidixic acid, streptomycin, ampicillin, cephalothin, and trimethoprim. Meanwhile, no significant difference was observed among the frequency of resistance of the isolates from the different samples to cefotaxime (p = 0.075).
Among the 212 E. coli isolates, 36.5% were found to be resistant to at least three antibiotics and were considered as multidrug resistant (MDR). Table 2 summarizes the prevalence of MDR isolates from irrigation water, soil, and vegetables. MDR isolates was more prevalent in water (25.3%) compared to soil (2.8%) and vegetables (8.4%). Intriguingly, resistance to eight different antibiotics was observed among the water isolates (0.7%). The patterns of antibiotic resistance among the E. coli isolates were also evaluated in this study. As shown in Table 3 , the resistance pattern most prevalent among the isolates is resistance to a combination of tetracycline and ampicillin (2.8%), followed by resistance to a combination of ampicillin and cephalothin (2.4%) and a combination of tetracycline and chloramphenicol (2.4%). These antibiotic resistance patterns all occurred among the water isolates. Of the MDR isolates, however, the most prevalent pattern is resistance to a combination of ciprofloxacin, chloramphenicol, nalidixic acid, and ampicillin (2.4%), and this occurred among water isolates.
Although the patterns of antibiotic resistance greatly differ among water, soil, and vegetable isolates, there were antibiotic resistance patterns that are common to the isolates from different sources. For instance, resistance patterns Amp-Tmp and T-Amp were common to isolates from the three different samples, while resistance patterns Amp-Kf and T-Tmp were common to both water and soil isolates. Lastly, resistance pattern T-Amp-Tmp was common to water and vegetable isolates.
Initial Screening for ESBL Production
Out of 200 E. coli isolates evaluated for possible ESBL production through antimicrobial susceptibility testing with ceftazidime and cefotaxime, 27 isolates tested positive. Thirteen isolates (16.3%) were potential or suspected ESBL producers, having zones of 22 mm or less and 27 mm or less for ceftazidime and cefotaxime, respectively. This included two of the 48 isolates (4.2%) from Diliman and 25 of the 32 isolates (34.4%) from Marikina. Of the potential ESBL producers, one showed resistance and two showed intermediate resistance to ceftazidime, while two showed resistance and nine showed intermediate resistance to cefotaxime.
Confirmatory Testing for ESBL Production
ESBL production was phenotypically confirmed through the double-disk synergy test in 27 (8.75%) of all E. coli isolates evaluated, as shown in Figure 1 . Of the 27 suspected ESBL producers, ESBL production was confirmed in one (1.2%) of the isolates from Diliman, and in six (18.8%) of the isolates from Marikina. Molecular testing through PCR amplification of target genes only detected blaTEM, CTX-M groups 1, 2, and 9 and CTX-M group 8/25. Results showed that from the 27 isolates, only 13 were positive for blaTEM, and five and eight isolates for blaCTX-M 1 and 2 respectively. At the same time, no amplicons corresponding to blaSHV-1 and blaOXA were observed. 
Discussion
Several studies have shown that surface waters used for irrigation purposes harbor antibioticresistant bacteria. In this study, results showed that irrigation water contain the highest antibiotic resistant-bacteria, followed by vegetable and soil samples. The higher prevalence of antibiotic-resistant bacteria in irrigation water implies that it harbors a sufficient number of bacteria that may be potentially transferred to the primary production environment such as agricultural soils and vegetables during irrigation. Similar results were observed in numerous studies where irrigation waters from different sources are reported to contain elevated numbers of antibiotic resistant E. coli [25] [26] [27] [28] [29] [30] . Among the E. coli isolates from irrigation water used in this study, the highest resistance was observed in tetracycline, followed by resistance to ampicillin. The resistance to these antibiotics was also observed among E. coli isolates from irrigation waters in several studies [25, 26, 28] . The presence of tetracycline-resistant E. coli in irrigation waters is particularly disturbing, as tetracycline is widely available and extensively used in developing countries as a first-line drug in the treatment of gastrointestinal infections [15, 25, 31] .
Importantly, MDR E. coli isolates were also observed. Multidrug resistance is defined as resistance of an isolate to antibiotics belonging to at least three different classes of antibiotics [32, 33] . In this study, MDR isolates were more prevalent in irrigation water isolates compared to soil and vegetable isolates. Similar results were obtained by Paraoan et al. [30] where 46 E. coli isolates (58.22%) from the agricultural irrigation waters in Bulacan, Philippines were found to be MDR. Further, the results of this study were in agreement with the results of other studies which documented the presence of MDR E. coli from irrigation waters. For instance, Roe et al. [25] showed that the Rio Grande River, a major source of irrigation water for both the USA and Mexico, harbors MDR E. coli with a prevalence rate of 32%. Another important source of irrigation water in Mexico is the San Pedro River which was found to be contaminated by MDR E. coli with a prevalence rate of 30.6% [27] . In a study of Chigor et al. [26] , surface waters used for irrigation in Zaria, Nigeria were found to be contaminated with pathogenic E. coli O157:H7, which are also MDR. While pathogenic E. coli strains were not identified in our study, our results nevertheless contribute to the growing body of evidence showing that irrigation waters serve as reservoirs of MDR bacteria. Curiously, there are certain patterns of antibiotic resistance that are common to E. coli isolates obtained from three different samples and from two different samples, such as water and soil isolates and water and vegetable isolates. One plausible explanation for this observation is the horizontal transmission of antibiotic resistant and MDR E. coli across the samples. Taken together, these results indicate that highly-polluted surface waters used for irrigation in selected urban farms in Metro Manila, Philippines harbor antibiotic-resistant and MDR E. coli.
The emergence of antibiotic resistance in aquatic environments, such as surface waters, and its subsequent dissemination has been widely documented [13] [14] [15] 34] . Antibiotics of various origins enter aquatic milieus through different routes. As most antibiotics are poorly metabolized and absorbed by the body [35] [36] [37] [38] [39] , antibiotic residues used in clinical and domestic settings are released from patients' urine and feces and discharged as wastewater effluents [36] . Similarly, outdated antibiotic remainders used in domestic settings are disposed of deliberately in household drains [16] . Meanwhile, antibiotics used in poultry and livestock domestication are released from animals' urine and feces and combine with agricultural runoffs that are usually introduced in nearby aquatic systems, such as surface waters and wastewater treatment plants [16, 17, 37] . Likewise, antibiotics used in aquaculture are deliberately introduced as feed additives into aquatic farms.
Although these antibiotics are usually diluted and degraded in aquatic environments, resulting to relatively low concentrations, they may act as regulatory substances and signaling molecules in bacteria [18] . In addition, trace and sub-inhibitory concentrations of antibiotics create a mutant selection window that significantly increases the tolerance of bacteria to antibiotics and potentially promotes and preserves antibiotic resistant bacteria through adaptive mutations. Consequently, antibiotic resistance can be acquired by other bacteria in aquatic environments through horizontal gene transfers, such as conjugation, transduction, and transformation.
In urban agricultural farms of Metro Manila, Philippines, irrigation waters are typically derived from small bodies of water that are linked to Pasig River, Laguna Lake, and Manila Bay, which form a complex water system within Metro Manila [39] . Interestingly, these aquatic environments are contaminated by antibiotic residues of sulfamethoxazole, sulfamethazine, trimethoprim, and lincomycin that are presumably derived from human and animal use. Additionally, sulfamethoxazole-resistant genes, such as sul1, sul2, and sul3, were also observed [18] . The antibiotic residues found in water systems of Metro Manila are also detected in major rivers of China and Vietnam [18] .
The application of these waters for irrigation purposes raises public health concern as they may potentially contaminate and disseminate antibiotic-resistant and multidrug resistant E. coli in the primary production environment, such as agricultural soils and fresh produce [26, 28] . The presence of antibiotic resistant and MDR E. coli in fresh produce exposes humans to serious health hazards as there are vegetables that do not undergo microbial inactivation or preservation treatment prior to consumption [6, 29] . Further, washing of vegetables does not completely eliminate the presence of these bacteria as they can be internalized in natural apertures of the vegetables, such as stomata, or localized in artificial crevices, cracks, and cuts [40] . Eventually, consumption of contaminated fresh produce may potentially cause foodborne gastrointestinal infections in humans. With regard to different ESBL gene types, a number of recent investigations highlighted the emergence and prevalence of CTX-M ESBLs as the most common type worldwide [41] . Before considering this, however, it is important to take into account the shifts in prevalence of ESBL genes across recent years and decades. In the 1990s, TEM-and SHV-type ESBLs were the dominant ESBL types, most often encountered in K. pneumoniae in hospitals. In the following decade, E. coli began to be recognized as the main source of ESBLs, with an increase in CTX-M ESBLs being described and blaCTX-M genes being recognized [41] . Therefore, different ESBL types, while not currently prevalent, may occur in many different locations. It is not unexpected, however, that the obtained result of the blaTEM gene's prevalence contrasts with the reported prevalence of CTX-M ESBLs, since the dominant ESBL type may vary between countries [42] .
In the Philippines, there have also been studies to characterize molecularly ESBLs found in different bacterial isolates. In a study by Cabrera and Rodriguez (2009) [43] , SHV-12 was found to be the dominant ESBL in Enterobacteriaceae tested, with some isolates carrying blaTEM-1. A year after, another study found CTX-M ESBLs as the predominant type of ESBLs in 95% of isolates of Enterobacteriaceae obtained from the same location, indicating a shift in ESBL genes similar to those in other countries [44] . Two further studies had a similar result, finding CTX-M ESBLs to be most prevalent in ESBL-producing bacteria and supporting the trend observed in many surveys [12, 45] . Like other research, however, the above studies were focused on clinical isolates, and it appears that there is no data on ESBL-producing bacteria in environmental samples from surface waters in the Philippines. Hence, our study is the first to report the presence of ESBL-producing bacteria in surface waters used for irrigation in the Philippines.
The results of this study may circumstantially indicate horizontal transmission of antibioticresistant and MDR E. coli from irrigation water to agricultural soils and vegetables. However, the results need to be interpreted with caution, as there was an unequal distribution of the number of E. coli isolates from the samples used in this study. The results also cannot conclusively determine the occurrence and direction of lateral transfer of antibiotic resistant and MDR E. coli. Hence, the possibility that antibiotic resistant and MDR E. coli originated from other sources cannot be discounted. The presence of antibiotic-resistant and MDR E. coli in fresh produce may be naturally inherent in vegetables due to the ubiquity of antibiotic resistant bacteria [4, 35] . It may also be due to some other contaminating sources, such as poor handling of fresh produce during cultivation, harvesting and marketing and unsanitary production equipment and conditions [2, 4] .
The results of this study were also limited by the absence of sequencing to identify the ESBL genes and by clonality testing to determine the genetic relatedness of E. coli isolates used in this study. Therefore, the molecular identification of ESBL genes and genetic association of E. coli isolates used in this study are areas that warrant further investigation. With these findings, it is important that awareness regarding antibiotic resistance and its generation is raised among the public and in healthcare settings. Release of contaminants into the environment should be controlled in order to prevent emergence of antibiotic resistances [11] .
Conclusions
The findings of this study showed that highly-polluted surface waters used for irrigation in selected urban farms of Metro Manila, Philippines are contaminated with antibiotic-resistant and MDR E. coli. Soil and vegetables obtained from the sampling sites likewise contain antibiotic-resistant and MDR isolates, albeit to a lesser extent. Additionally, certain patterns of antibiotic resistance were common to isolates obtained from different samples. This provides circumstantial evidence that surface waters harbor antibiotic-resistant and MDR bacteria that may be transferred to the primary production environment when used for irrigation, and may potentially cause foodborne gastrointestinal infections. Further research is warranted to unequivocally establish the occurrence of the horizontal transmission of antibiotic-resistant and MDR E. coli across the samples.
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